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PREFACE

In 1980, IIASA joined with the Centro de 1Investigacion en
Quimica Aplicada (CIQA) to study resource development alterna-
tives for arid and semi-arid regions. This joint effort is
motivated by the perception that planning and programming of
development projects, as they typically are applied to projects
for drylands, are inadequate and pose serious obstacles to suc-
cessful development of these regions.

Two characteristics distinguish the problem of planning and
programming development projects for drylands. First, all of
the common difficulties that beset development planning and pro-
gramming (e.g., 1inadequate data, poorly understood social and
cultural relations, inadequate infrastructure, inadequate organ-
ization capacity) are present 1in the extreme. Second, even
modest-sized development projects are usually enormous in rela-
tion to the social, economic, and technical structure of dry-
lands regions; their ramifications are little short of revolu-
tionary.

'To focus our efforts to improve planning and programming
methods for dryland regions, it was decided to examine a specif-
ic problem: the prospects for developing a region 1in northern
Mexico Dbased on the exploitation of 6 vegetal resources native
to the region. A description of this study is available in

Anderson, R.J., E. Campos-Lopez, and D. Gourmelon. An
Analysis of Renewable Resource Development Alternatives
for the Northern Arid Region of Mexico: Study Prospectus.
WP 81~7. International Institute for Applied Systems
Analysis (January, 1981).

Guayule (parthenium argentatum gray) is one of the vegetal
resources under 1investigation in the study. Guayule shrub,
which grows wild on the sierras of the Chihuahuan Desert, pro-
duces a high molecular weight hydrocarbon that can be processed
into a premium-quality rubber. For approximately 50 years dur-
ing the first half of this century a small but important guayule
rubber industry operated in Mexico.

The Mexican government currently plans to reactivate the
guayule rubber industry using shrub harvested from wildstands as
the basic source of shrub. This paper examines a c¢ritical as-
pect of this plan, the inventory of guayule shrub available for
harvest. More specifically, the paper examines a new shrub in-
ventory technique that has been proposed, and attempts to ac-
count for differences between the results obtained when this
technique is used in place ¢f standard inventory methods.
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ESTIMATION OF THE MASS DENSITY
OF GUAYULE FROM HEIGHT DATA

Robert J. Anderson, Jr.

1 INTRODUCTION

In their report entitled "Ecology and Reproduction of Guay-
ule in Natural Stands in Coahuila, Nuevo Leon, and Zacatecas,
Mexico," Native Plants, Incorporated [hereafter, NPI (1980)] es-
timates the mass density of guayule [i.e., the mass of guayule
shrub per unit of land area] using an innovative short-cut tech-
nique based on an empirically determined relationship between
plant height and weight, and data on the distribution of plant
height and frequency of occurrence. Although it is impossible
to make precise comparisons, the estimates of density obtained
using NPI's method appear to be somewhat lower than have been
reported in other studies.

According to NPI (1980), the stands in their sample with
the highest percentage guayule canopy cover [i.e., between 12.1
and 25 percent coverage] had an estimated shrub density of 1.5
metric tons per hectare. The medipm canopy cover stands [i.e.,
stands with canopy cover of between 5.8 and 12.0 percent] had an
estimated shrub density of 1.01 tons of guayule shrub per hec-
tare; and the low cover stands [i.e., between 4.2 and 5.6 per-
cent] had an estimated 0.68 tons of shrub per hectare. These

estimates contrast sharply with estimates provided in CONAZA
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(1977) which 1imply average densities of about 1.64 metric tons
per hectare over all stands in roughly the same region as was
covered in NPI (1980). They contrast even more sharply with es-
timates implied by data presented in NPI (1981), which reports
average densities on the order of 3.86 tons per hectare in an
overlapping [but not identicall region. In general, the NPI
(1980) estimate is lower than estimates reported in other
sources.

The differences between these estimates are quite 1large
[although reported data do not allow determination of whether
the differences are statistically significant]. If we take the
NPI(1980) estimate for medium cover stands as representative of
an overall average density, then the NPI estimate [i.e., of 1.01
tons per hectarel] is only about 62 percent as large as the CONA-
ZA (1978) estimate [i.e., of 1.64 tons per hectare], and about
26 percent as large as the NPI (1981) estimate [i.e., of 3.86
tons per hectarel].

Which estimate is most nearly correct? This is an impor-
tant question. The economic viability of harvest of guayule
from wildstands will depend strongly on the amount and spatial
distribution of guayule shrub. Resolution of discrepancies in
existing data on the amount and distribution of guayule is thus
of the very highest priority.

This paper was motivated by the desire to explain
discrepancies between the shrub density estimates described
above. In a previous paper on the maximum sﬁstainable yield

from harvest of guayule wildstands [see Anderson (1981)], an ef-



fort was made to reconcile the findings of several inventories
of guayule shrub. Some inventories found relatively small quan-
tities of shrub [e.g., Lloyd (1911)], while others [e.g., CONAZA
(1977) and companion inventories discussed in Anderson (1981)]
found relatively large quantities., As a part of the reconcilia-
tion process, estimates of average shrub density were compared.
As noted above, the estimates presented in NPI (1980) are some-
what 1lower than are found in other sources. It seemed possible
when this investigation of density estimates began that under-
standing why the NPI (1980) estimates are lower than others
might help to explain some of the differences between high and
low estimates of shrub stock.

In attempting to reconcile density estimates, the NPI
(1981) estimate was not considered since, according to the au-
thofs of that report, the procedure used resulted in an upward
bias 1in estimated average shrub weight. The present paper does
not explore all possible sources of the discrepancies between
the NPI (1980) estimates and others. The information required
to do so is not currently available. Instead, the paper concen-
trates on a potentially major source of bias: the method used
in NPI (1980) to estimate shrub mass from shrub height data.

A subsidiary motivation in undertaking the analysis report-
ed here was to examine the possibility of using short-cut
methods to reduce the burden of conducting shrub inventories. A
short-cut survey method like that proposed in NPI (1980) [this
method will be described in detail in Section 21, if its validi-

ty could be demonstrated, would be a useful tool in reducing the



amount of time and cost required to inventory the standing stock
of guayule shrub in a region. The usual method of inventorying
shrub is to select a large number of plots and to measure, pull,
and weigh all adult individuals in each. This is, as noted
above, both time consuming and costly. If an alternative could
be found that reduced the number of shrubs that had to be meas-
ured, pulled, and weighed, without biasing or materially reduc-
ing the accuracy of the estimate, the burden of conducting shrub
inventories would be reduced substantially.

The analysis presented here will show that the procedure
used by NPI (1980) results 1in a systematic underestimate of
shrub weight. Other things being equal, NPI's method always
results in an estimated shrub weight that is lower than the
true weight, and hence, an estimated density that tends ¢to
understate the true density. Moreover, it will be shown that
this systematic bias could be large enough to account for the
differences between the CONAZA (1977) and NPI (1980) estimates.

It must be stressed that the analysis in this paper uncov-
ers a possible explanation for differences in these estimates.
There could well be other explanations, and these too merit in-
vestigation. The most important conclusion to be drawn is that
the methods and results of investigations bearing on the amount
and distribution of guayule should be examined in depth and
reconciled without delay.

While it cannot be concluded that the analysis in this pa-
per definitively resolves differences between the NPI (1980)and

CONAZA (1977) estimates, there is one important conclusion that



is wvalid in all events: if a short-cut inventory method relat-
ing height and weight 1like that recommended in NPI (1980, p 31)
is to be used, one must be careful to do the calculations in a
way that does not impart systematic bias to the results. Calcu-
lation methods that do not impart such biases are developed
below. These methods are likely to be quite useful inasmuch as
the need for short-cut inventory techniques will grow with the
start-up of commercial operations.

The plan of the paper is as follows. In Section 2, the
procedure followed in NPI (1980) is reviewed step-by-step. This
provides the background needed to understand why the NPI pro-
cedure results in a systematic underestimate of shrub mass.

Section 3 shows why the NPI procedure is biased and how the
bias can be corrected. 1t also provides a simple-to-use approx-
imating method that should be quite satisfactory in most appli-
cations and somewhat easier to compute than an exact calcula-
tion.

Section 4 uses data from NPI (1980) to estimate the possi-
ble size of the the bias in NPI's reported shrub density esti-
mates. It will be shown that the possible bias could be 1large
enough to account for the difference between the CONAZA (1977)

and NPI (1980) estimates.

2 THE NPI PROCEDURE

The procedure followed in NPI (1980) involves the use of an

empirically estimated relationship between guayule shrub height



and shrub weight. The data for this empirical relationship were
taken from a sample of 80 individual plants for which data were
collected on weight, height, stem diameter, and crown diameter.
The statistical relationship shown in Figure 1 was obtained by
ordinary regression methods applied to the data collected on
plant height and weight. Summary statistics reported in NPI
(1980) are inadequate to appraise fully the extent to which the
equation reported in Figure 1 is an adequate characterization of
the sample data. Overall, the equation explains a 1little more
than 68 percent of the variation in individual plant weight
[i.e., 0.68=0.832], and the relationship between height and
weight is statistically significant at better than the 0.01 lev-
el.

Using this equation relating height and weight, and the
average height of adult guayule plants [i.e., plants taller than
25 centimeters averaged over quadrats in which such plants oc¢-
curred] in each plot surveyed, an estimate of the average weight
of adult guayule was obtained, Estimated average welght was
then multiplied by the observed frequency of guayule adult oc-
currence [obtained by dividing the number of adult plants by the
total number of quadrats per plot] to obtain an estimated aver-
age mass per square meter [expressed in terms of kilograms per
m2], Multiplication of +this figure by 10 then resulted in an
estimated mass per hectare, expressed as tons per hectare [i.e.,
kilograms per square meter times ten thousand square meters per
hectare divided by 1000 kilograms per ton].

This procedure is easily clarified by means of an example.
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Figure 1., Relationship between height and weight of guayule

individuals sampled. (Source: Figure 5, NPI, 1980.
Reported coefficients corrected.)

**Significant at the one percent level.



Consider a plot in which the average height of guayule individu-
als is 40 centimeters and in which the observed frequency of oc-
currence of guayule 0.80. Substituting an average height of 40
centimeters into the equation reported in Figure 1, we obtain an
estimated average shrub weight of 0.1939 kilograms. [i.e.,
0.1939 = 0.0095e0.0754 (40) 7, Applying the assumed frequency of
occurrence of 0.8, we obtain an overall estimate of density of
0.1551 kilograms per square meter, or 1.551 tons per hectare.
This is precisely the calculation that is behind the estimated
shrub densities reported in NPI (1980).

The NPI procedure is both simple and straightforward. It
also holds forth the promise of materially reducing the time and
money cost of conducting an inventory of shrub. NPI (1980, pp
27-31) recommends 1its usage for calculation of inventories ac-
cording to the following [paraphrased] protocol:

A 200 meter transect is walked and the following in-
formation 1is recorded: (1) Number of times that guay-
ule occurs within a one square meter quadrat centered
on one's right foot, denoted by N; (2) Average height
of guayule adults in quadrats of occurrence, denoted
by H. Then the formula illustrated above is applied

to these data, using as an estimate of frequency N di-
vided by 100.

In spite of its appealing simplicity and the potential it
offers for reducing the time and money costs of shrub inven-
tories, the NPI procedure leads to estimates of shrub density
that are systematically in error. Even given absolutely accurate
data, it leads to estimated shrub weights and densities that are

lower than the true weights and densities.



3 BIAS IN THE NPI PROCEDURE

To demonstrate the bias in the NPI procedure, assume that
the height-weight relationship shown in Figure 1 is absolutely
accurate [i.e., that all guayule individuals obey exactly this
relationship]. It will be shown that the bias in the NPI pro-
cedure is a result of improper use of this relationship.

To begin, the curve shown in Figure 1 has been redrawn with
the axes switched, so that height now appears on the horizontal
axis and weight appears on the vertical axis. This is done 1in
Figure 2. Following this convention will make it easier to
visualize each step in the analysis.

The bias in NPI's procedure can most easily be shown if it
is assumed, without loss of generality, that all guayule plants
are of one of two heights, "fall" and "short". Suppose that
tall plants are 60 centimeters high and that short plants are 20
centimeters high. [Ignore, for purposes of this example, the
fact that 20 centimeters is beneath the cutoff height for adult
plants]). Further, suppose that exactly one half of all guayule
plants are tall, and one half are short. The average height of
plants would thus be 40 centimeters as in the example considered
in Section 2. Recall from the calculations in Section 2 that the
estimated average shrub weight corresponding to this average
height, using the NPI procedure, is 0.1939 kilograms.

Instead of computing average height and substituting aver-
age height in the height-weight equation in Figure 1 [as was

done in the calculations in Section 2], let us examine what
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happens if the heights of each size of plant are first substi-
tuted into the height-weight equation, thus obtaining an es-
timated weight for each size, and these estimated weights are
then averaged. The weight of tall plants would be 0.8759 kilo-
grams [i.e., 0.8759= 0.0095e0.0754 (60)] and the weight of short
plants would be 0.0429 kilograms [i.e., 0.0429=0.0095e0-0754
(20)]. Examining Figure 2, these are the points B and H that
would be read off of the curve 0-Y vertically aboVe the points
corresponding to 60 centimeters and 20 centimeters respectively.

By assumption, half of the guayule plants are 60 centime-
ters high, and half are 20 centimeters high. This means that
half weigh exactly 0.8759 kilograms, and half weigh exactly
0.0429 kilograms [recall that we are assuming that the weights
calculated using the height-weight relationship are exact]. The
true average weight of a shrub would thus be 0.4594 kilograms
(i.e., 0.4594=0.5(0.0429)+0.5(0.8759)].

This is clearly a much larger estimate of average weight
than was obtained by computing mean plant height and substitut-
ing in the height-weight equation [recall that an estimate of
0.1939 kilogram was obtained by this procedure]. The reason that
the estimates differ can also easily be seen by reference to
Figure 2. The estimate corresponding to the procedure recom-
mended by NPI is obtained by finding the point on the 0-Y curve
that corresponds to the computed average height of 40 centime-
ters. This point is represented by point F in Figure 2. The
estimate obtained using the procedure introduced in this section

corresponds to finding the points on the 0-Y curve associated



with the two plant sizes [shown by points B and H in the figure]
and averaging the computed weights thus calculated, obtaining an
average that is represented by point D in Figure 2.

The fact that the two calculations considered in this paper
[i.e., the procedure recommended by NPI and the alternative cal-
culation explained above] give different results 1is no mere
matter of chance dependent upon the example chosen. Whenever
weight is a convex function of height [i.e., a function whose
slope increases with increasing values of height, as does the
function depicted in Figure 2], use of the NPI procedure will
result in a systematic underestimate of shrub weight and densi-
ty. This can be proven easily by appeal to a fundamental result

in mathematical statistics known as Jensen's Inequality [see Rao

(1965) for a discussion of this result].

The most direct procedure to use to correct the error in
NPI's procedure is to reverse the order of the calculations, as
has been done in computing the example shown in Figure 2. That
is, using data on individual plant heights, weights of individu-
al plants should be computed first and then averaged, instead of
averaging height first and then computing weight.

In cases in which this is impractical either due to the
burden of computation or to the unavailability of the basic data
on individual plant height, it may be possible to use an approx-
imation based on summary statistics of plant height. This ap-
proximation will yield a more nearly correct answer than the NPI
procedure. The approximation relies on the assumption that the

height-weight function may be approximated adequately by a



second-order Taylor series. Letting W(h) denote the height-
weight function, this function may be approximated to the second

order by

(1) Wh) =~ Wm) + W' (m)(h-m) + 0.5 W''(m)(h-m)2

where m is the mean height of plants, and where W' and W'' are
respectively the first and second derivatives of the height-
weight function with respect to height. Taking the mathematical
expectation of Equation (1), the following expression is ob-

tained

(2) E[W(h)] =~ W(m) + 0.5 W''(m) s?

where s2 is the variance of plant height.

This is a most interesting result. It says that expected
weight may be calculated approximately by evaluating the weight
function at the mean of height [as is done by NPI] and adding to
this an amount that depends upon the value of the second deriva-
tive of the height-weight function evaluated at the mean height
multiplied by the variance of plant height. Interpreted in
another way, this result implies that the bias inherent in NPI's
procedure is on the order of 0.5 W''(m) s2.

The use of Equation (2) can be illustrated readily using
the data assumed for the example shown in Figure 2. 1In particu-

lar,
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W''(m) = (0.0754)2(0.0095e0-0754(40))=0 0011
and
s2 = 0.5(60-40)2+0.5(20-40)2=400
SO
E[W(h)] =~ 0.1939 + (0.5)(0.0011)(400)
0.1939 + 0.2200

0.4139

This result {i.e., 0.4139] clearly is much nearer the true
mean [recall from above that the true mean is 0.4594]. It is
still a good ways off the mark, however, due to the facts that
W(h) is more sharply curved than is reflected by a quadratic
function and that the variance‘of plant height, 52, is large.
Note that the estimated bias in the NPI procedure [i.e. 0.2200]
is larger than the value <calculated by the procedure [i.e.,
0.1939]. While this certainly is a result of the specific exam-
ple chosen, it does illustrate the fact that the NPI procedure

can result in extremely inaccurate estimates.

4 AN APPROXIMATE RECONCILIATION

The second order approximation developed in the preceding
section along with data on the mean and variance of the height
of the plants in the sample of plants NPI used to prepare Figure

1 can be used to explore possible reconciliation between the
shrub density estimates presented in CONAZA (1977) and NPI

(1980). The sample mean and variance of height of the plants in
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NPI's sample are

3
"

42 .94 cm.

s2 219.34 cm.?2

Using these estimates and the approximation given 1in Equation

(2), it is calculated that

W(m) 0.24 kg.

0.5W''(m)s2

0.15 kg.

or that the average shrub weight in the sample was approximately
0.39 kilograms. An approximately correct estimate of average
shrub weight is thus 1.62 times as large as the estimate that
would be obtained by the NPI procedure [i.e. 0.39/0.24 = 1.62].

It is interesting to note that if 1.01 tons per hectare 1is
taken as the average shrub density implied by the NPI study, the
corresponding CONAZA (1977) estimate of 1.64 tons per hectare
is, 1indeed, approximately 1.62 times the NPI estimate [i.e.,
1.64/1.01 = 1.62]. Too much should not be made of this calcula-
tion. There are many other factors that could account for the
differences [e.g., sampling error, basic differences 1in survey
methods employed]. What is needed is a complete and systematic
evaluation of methods and procedures employed in each study of
guayule occurrence, and a critical effort to make the best pos-
sible estimate.

It can, however, be concluded that in subsequent field 1in-
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vestigations in which rapid survey methods based on height-
weight relationships [or, for that matter, other relationships]
are employed, <care should be taken in devising the estimating
procedure to insure that it is not systematically biased. The
procedure recommended by NPI is seriously biased although, as
has been demonstrated above, it is a relatively simple matter to
modify the procedure to eliminate this bias.

In any actual future application of +the NPI technique
[corrected as described abovel], a sample of guayule individuals
should be taken and the height-weight relationship that is used
to calculate plant weights should be re-estimated. Although the
equation reported in Figure 1 appears to be a satisfactory char-
acterization of the sample on which it is based, it is strongly
recommended that an independent determination of the parameters
of this relationship and its theoretical and empirical adequacy
be made in each investigation in which the short-cut technique

is to be employed.
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